A comparative approach has been used to study the role of several lipid-body-binding proteins in plants and animals. Caleosins are a newly discovered class of calcium-binding lipid-body proteins found in plants and fungi, which we now report to have separate endoplasmic reticulumand lipid-body-associated isoforms. We also compare the lipid-body targeting of oleosin from plants and the core protein of the hepatitis C virus when they were expressed separately in lipidaccumulating animal cell lines. This is a novel and powerful approach to investigating the factors that determine the lipid-body targeting of a wide range of proteins.
Introduction
Cytoplasmic lipid bodies are found in virtually all cells at some point in their development [l] . In some cases, e.g. oilseeds, adipose tissue and oleogenic fungi, certain cell types accumulate large numbers of lipid bodies to serve as long-term carbon and energy stores. In other cases, cells accumulate relatively short-term stores of specific lipids, such as sterols, triacylglycerols and arachidonic acid, that are regularly required for cellular metabolism. An important aim of our work is to elucidate the basic cellular and biochemical mechanisms involved in the biogenesis, maturation and mobilization of lipid bodies. In particular, we are interested in elucidating the function of the proteins that bind specifically to lipid bodies. Since lipid bodies are virtually ubiquitous, we have undertaken a comparative approach involving both plants and animals [2] .
Caleosins: a new class of calcium-and lipid-binding proteins
Caleosins are a recently discovered class of proteins [3] that were independently named as such by [4, 5] . These proteins were initially discovered as gene products that were expressed in developing and germinating seeds of rice in response to abscisic acid or to osmotic stress [3] . Similar proteins or the genes encoding them have now been found in a wide range of plants, in addition to several lipidaccumulating fungi and the single-celled alga, Chlorella protothecoides [4, 5] . Our most recent findings have emphasized that, although there are many intriguing similarities between caleosins and oleosins, there are also important differences. In particular, caleosins appear to be members of a large gene family and whereas at least one isoform is tightly bound to lipid bodies during seed development, other isoforms accumulate in vegetative tissues and are probably integral components of the endoplasmic reticulum (ER) membrane [6] .
We initially showed that caleosins are present at relatively low levels and are mainly bound to microsomal membrane fractions at the early stages of seed development [S]. As the seeds matured, overall levels of caleosins increased dramatically and they were associated almost exclusively with storage lipid bodies. Others have described caleosins as being exclusively lipid-body-associated [4] . However, the use of more highly resolving protein gels has now revealed that there are two distinct caleosin isoforms associated with these organelles. Lipid bodies of rape seed only contained a lower-mobility isoform with an apparent relative mass of 25 kDa, whereas microsomal membranes only contained an isoform of 27 kDa. Analysis of subcellular fractions separated by density-gradient centrifugation showed that the microsomal isoform was in the same fractions as ER markers such as the chaperonin, BiP. This also confirmed our earlier observation based on immunofluorescence microscopy that caleosins are associated with a specific sub-domain of the ER [S]. At the early cotyledonary stage of seed development, the 27-kDa ER-bound caleosin was the only form present in embryos, but from the midcotyledonary stage onwards the 25-kDa lipid-Complex Lipid Biosynthesis: The Kennedy Pathway body rapidly accumulated. This was not at the expense of the 27-kDa ER form, which remained at moderate levels until the final stages of seed dehydration, when it became virtually undetectable.
Following seed germination, there was a mirror image of the situation in seed development, with levels of the 25-kDa lipid-body isoform decreasing concurrently with oil mobilization while the 27-kDa ER form gradually increased in abundance from day 4 onwards. Using antibody probes we also found the 27-kDa ER caleosin in root tips, young leaves and stems. These results show that different caleosin isoforms are present on the ER and lipid bodies. In lipid-rich developing and germinating seeds both isoforms coexist in the same cells but in other non-lipid-rich tissues only the ER isoform is found. What does this tell us about the possible functions of caleosins in plants? Based on the structural conservation in all known caleosin sequences, it is likely that their Ca2+ binding, and perhaps their phosphorylation state, modulate aspects of their function. Caleosins may be involved in processes such as membrane and lipid-body fusion. Ca"-mediated fusion has been shown to be a key aspect of the maturation of microlipid bodies released from the ER to produce large cytoplasmic lipid bodies characteristic of animal lipid-storing cells [1, 7] . Likewise, in seeds and other storage-lipid-accumulating plant tissues, nascent lipid bodies are released as small droplets from the ER and then undergo several rounds of fusion to produce the mature 0.4-2 pm diameter lipid bodies characteristic of such tissues [8,91.
Lipid-body targeting of oleosin and other proteins in animal cells
Investigation of the targeting of oleosins to lipid bodies in vivo presents formidable challenges in plants [lo] and even in yeast [ l l ] . As an alternative more facile system we have examined the use of various animal cell lines that are amenable to transfection and can be cultured in either lipogenic or non-lipogenic conditions. We tested the result of expressing a rape seed oleosin gene using the Semliki Forest virus system in cell lines derived from human liver (Huh7) and hamster kidney (BHK). Protein and lipid localizations were followed by indirect immunofluorescence and staining with Oil Red 0, respectively, of fixed cells, which were then examined by laser confocal microscopy. This system has been successfully employed to study the intracellular distribution of the hepatitis C virus core protein, which associates with lipid bodies in animal cells [12] .
We observed high levels of oleosin protein accumulation that was almost exclusively targeted to lipid bodies in both cell types. Western-blot analysis also revealed that the apparent molecular mass of the oleosin protein produced in animal cells was identical to that in plant extracts. Modification of parts of the oleosin sequence by site-directed mutagenesis abolished lipid-body targeting and led to rapid turnover of the protein. Certain mutations within the hepatitis C virus core protein, which abolish association with lipid bodies, also induced enhanced protein turnover [12] . Sequence comparisons between plant and animal virus proteins revealed similarities in regions in both proteins that are required for lipid-body targeting. Thus the mechanisms for directing proteins to lipid bodies may be alike in animal and plant cells. Future studies will focus on more precise mutagenesis changes and in various domain-swapping combinations between these and other lipid-associated proteins. This approach has the potential to be a powerful new model system for the study of ER and lipid-body targeting of a range of proteins including oleosins and caleosins from plants, and perilipin and adipophilin from mammals.
